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Abstract 
By rapidly expanding from a compact, stowed bundle to a functional space enclosure, deployable structures can 
address temporary needs in a minimum amount of time. Using the intrinsic elastic behaviour of flexible elements — 
active bending — in the design of transformable or deployable structures leads to a wide range of kinetic concepts. 
This component transformation can decrease the complexity that often comes with rigid-body mechanisms. This 
paper presents one principle for deployable bending-active structures, based on the interaction between a deployable 
grid and a restraining membrane: deployable textile hybrid structures. A case study illustrates the design concept 
and the deployment and assembly processes that allow multiple structural transformations. The large 
interdependency of the form and material behaviour of bending-active structures, contrary to conventional form-
active structures, requires a specific modelling approach. The approach presented in this paper allows feedback 
between the parametric input of starting geometry and material characteristics, and the output geometry and internal 
stress. Working with a high-strain fabric without cutting pattern, balancing the stresses and strains between the 
bending elements and tensile fabric becomes the prime focus. Although the preliminary results are acceptable in 
theory, a more detailed structural analysis and real-scale models should validate the assumptions of rapid assembly 
and the structural behaviour on a realistic and practical level. 
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1. Introduction 
The principle of transformable structures entails a wide range of deployable and rapidly assembled structures [1]. 
Incorporating transformability in the design and construction of temporary structures, can greatly improve their 
reusability and reconfigurability and reduce their assembly time, thus not only avoiding excessive waste production, 
but also bettering their efficiency in responding to short-term or critical needs. Including active bending in the 
assembly of these structures leads to a wide range of structural concepts that owe their kinetic behaviour to the 
elastic deformation of the members [2]. This paper focuses on one principle of transformable active bending: the 
hybrid action of a deployable bending-active system with textile restraint. This reciprocal relation of restraint and 
pre-tensioning does not only improve the load-bearing behaviour, but can also be utilised during the assembly 
process. Moreover, the membrane restraint action allows creating a fully self-tensioning structure without grid 
distortions or incompatibilities in the deployable system, facilitating unrestrained rigid-body deployment when the 
fabric is not attached. Through a case study, this paper elaborates on the design and modelling of deployable textile 
hybrid structures. Though their conceptual design, easily supported by physical models, often occurs intuitively with 
a basic or experimental understanding of the bending and tensile actions, modelling these structures in a digital 
environment is rather complex. Since the form finding of bending-active structures depends largely on the starting 
geometry and material behaviour, the process differs noticeably from that of conventional form-active structures [3]. 
Therefore, we performed the form finding of the structure in an interactive environment between a parametric model 
of the flat starting geometry and the elastic formation of the structure through cable contraction in a finite-element 
environment. Using stretchable, high-strain fabrics eliminates the need for cutting pattern generation. Although this 
case study validates the approach and structural integrity of the concept, more detailed analysis and prototyping are 
necessary to facilitate the construction of these deployable textile hybrid structures. 
2. Active bending transformation in deployable and rapidly assembled structures 
2.1. Transformable structures 
Transformable structures offer an efficient means to temporary and mobile use. The transformation process, of 
the components or the entire structure, facilitates rapid, reversible assembly and ensures a compact, stowed volume 
that can be easily transported [1]. Two main principles exist for the design of transformable structures: design for 
disassembly and deployability. Kit-of-parts structures or assembly kits contain a set of compatible components that 
can be combined and re-combined into, often multiple and different, structural configurations. Conversely, 
deployable structures rely on an instantaneous transformation process, from a fully compacted to a fully deployed 
and functional configuration. Some examples, such as most deployable scissor structures, are rigid body 
mechanisms, whereas others entail a structural stress development during the deployment process, e.g. the pre-
tensioning of a tensile membrane. Although both principles of transformability — deployment and rapid assembly 
— involve different types of erection, a combination of both can further increase a structure’s transformational 
capacity, e.g. the universal scissor component [4].  
2.2. Bending-active structures  
Active bending is the utilisation of large elastic deformation to create curved structures from initially flat or linear 
elements [5]. Essentially a structural formation process, active bending can result in and be applied to a myriad of 
structures and structural types. Introducing the curvature only during the assembly of the structure, limits its pre-
fabrication to creating the flat layout of the components, evidently simplifying the production and transportation. 
Although managing the internal bending stress in the structures in a stable and structurally efficient equilibrium can 
be a complex process, this often results in a significant improvement of the structures’ load-bearing behaviour. 
Shortcutting the bending forces internally in a self-restraining system is an efficient means to avoid external 
restraints and employ the stress-stiffening effect. This self-restraint can be induced by creating topological 
incompatibilities, between the coupled bending elements or by adding tensile elements, such as cables or a 
membrane. 
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2.3. Transformable bending-active structures 
As both involve the assembly process, we identified the potential of combining active bending with the principles 
of transformability [2]. The reversible, elastic nature of active bending deformation, entails an inherent component 
transformation that can in many cases extend the transformational capacity and reduce the complexity of 
transformable or kinetic systems. We can extrapolate the concepts of deployability and disassembly to the design of 
transformable bending-active structures. Several applications of deployable bending-active elements exist in kinetic 
architecture, such as the Flectofin© shading system [6]. The Undulatus pavilion shows that we can apply a similar 
principle of curved-line folding to create a kit-of-parts of flexible components (see figure 1). The combination of an 
elastic component transformation and easy, built-in connections enables a very compact stacking volume and rapid 
assembly. Other structures, such as CODA’s Neula, feature simultaneous bending and deployment [7]. 
Fig. 1. The Undulatus is a bending-active assembly kit based on the principle of curved-line folding. A small stacking volume (a), easy and rapid 
assembly through simple connections (b) and self-interlocking of the components in a weave pattern (c) are its main characteristics [8]. 
3. Design of deployable textile hybrid structures 
3.1. Deployable textile hybrid structures 
Textile hybrid structures acquire both their geometry and structural behaviour from a reciprocal interaction 
between bending element and membrane [9]. Through this interaction, the tensile membrane restrains the bending 
elements, which in turn prestress the membrane. This principle, in which the membrane becomes part of the primary 
structure of the system, can lead to an efficient load-bearing behaviour, as the pre-tensioning improves the stress-
stiffening effect [3]. Moreover, when integrated in the design of deployable bending-active structures, the textile can 
lock the deployment, eliminating the need for additional cable restraints. Figure 2 shows an overview of four design 
principles for deployable bending-active structures. Depending on the design of the system, the bending action 
occurs before, during or after deployment and results in a stressed or unstressed final configuration. For textile 
hybrid structures, it is important to develop a deployable system that is, in its final deployed state, not fully self-
equilibrated, as a transfer of residual forces to the membrane is desired (concept b and d). This double action, a 
combination of the — possibly unstressed — deployment and membrane-restrained bending, allows large design 
freedom with simple starting geometries, e.g. all equal lengths. Moreover, the elastic and progressive nature of the 
deformation of the grid, allows different curvatures for different membranes or membrane connectivity. This does 
however also imply that the final deployed and restrained geometry is the result of equilibrium of forces for a pre-
defined starting grid and membrane geometry and their respective material properties. Although this relation is often 
intuitive and easily simulated with physical models, we need to develop adequate digital modelling approaches for 
the form finding and analysis of these systems (part 4). Moreover, developing a well-equilibrated pre-stressed and 
pre-strained system with acceptable stiffness after bending will be a prime focus during the form finding.  
(a) (b) (c) 
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Fig. 2. Based on the implementation of bending in the deployment process — before, during or after — and the presence of residual stress in the 
structure, we can define four principles for deployable bending-active structures: pre-bending (a), post-bending (b), intermediate bending (c) and 
constant bending (d). 
3.2. Case: a deployable textile hybrid grid 
To study more in-depth the design, modelling and behaviour of deployable textile hybrid systems, we developed 
the case of the deployable textile hybrid grid. This structure starts from a planar, linearly deployable grid, also called 
a lazy-tong (figure 3b). Whereas the geometric possibilities for these planar grids are limited for a conventional, 
rigid-body mechanism, deforming the grid through active bending allows creating three-dimensional, curved 
structures. The simplicity of producing planar grids allows simple connections and linear bars of equal length. Thus 
the grid can be generated from a kit of components, the number of cells depending on the structure’s desired length 
(figure 3a). It is by attaching the membrane that the grid will obtain its curvature (figure 3c). This does however not 
restrain the longitudinal deployment of the structure. Adding central, longitudinal bars for bracing will do this and 
produce the necessary prestress in the membrane (figure 3d). Using a stretchable, high-strain tensile fabric 
eliminates the need for extensive form finding and cutting pattern generation [10] and could facilitate multi-
configuration, provided that a minimum and evenly distributed prestress is guaranteed. 
Although there is only one final, fully stressed phase during the assembly of the hybrid grid (3d), the structure is 
compactable — to varying degrees — in all other phases, by disassembly (3a) or by closing the deployable grid (3b-
c). This allows the user to customise the assembly process depending on the time and space at hand and the period 
of time between two consecutive uses. The system is fully stressed only by attaching a membrane inside each 
individual grid cell. Extra textile elements can be added to close the structure for weather-protection or shading 
figure 3e). Subdividing the textile in individual pieces adds to the customisation by the user and allows adapting the 
structure’s length by adding or removing grid cells. Real scale models and prototypes should validate the rapid 
assembly and handling of the multiple deployment processes practically.  
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Fig. 3. The assembly of the deployable textile hybrid grid consists of multiple transformation processes, enabling multiple configurations and 
deployments depending on the need and available time. 
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4. Modelling and analysis 
4.1. Form finding approach 
The reciprocal interaction between the bending elements and the tensile membrane in (deployable) textile hybrid 
structures calls for a suitable modelling approach. Where the form finding of conventional form-active structures 
does not consider the material properties or component sections, these are input variables during the form finding of 
bending-active structures [3]. Moreover, the stress, which is usually input to control the surface curvature, is now 
the output result of the bending element and membrane interaction. Since in this case, the high-strain fabric allows 
starting from a flat piece of membrane with predefined geometry and material stiffness, we can perform the form 
finding of the structure with the bending elements and membrane simultaneously. The stiffness of the textile 
remains constant during this entire process to ensure its planar geometry. To include accurate material behaviour 
and because of the interactive interface for the parametric design environment of Rhinoceros© and Grasshopper™, 
we used the FEM software Sofistik® for the form finding and analysis.  
While the simulation and understanding of this membrane and bending element interaction is quite intuitive when 
working with physical models (figure 4), digital modelling and form finding calls for a specific approach. Figure 5 
gives a schematic overview of the modelling approach that was used for the deployable textile hybrid. The flat 
geometry (c) that is the starting geometry for the form finding process combines the input geometry (a) and material 
input (b). The parametric modelling environment, which models and inputs the initial component layout in the FEM 
simulator, contains all the structural elements and model information (structural areas, nodes, springs) and allows 
instantaneously modifying them. Moreover, the parametric model controls the materialisation of the components, 
linking the geometric data to the material properties in the finite element model. Contrary to the modelling of 
conventional form-active structures, these material properties are immediately input and remain constant throughout 
the entire form-finding process (d). The form finding consists of contracting a set of (virtual) cables, connecting the 
membrane to the grid, as described in [11]. After applying an initial pre-bending force, the grid deforms out of plane 
and the contraction starts to prestress the membrane. Thanks to this incremental process, the finite element 
calculation provides geometric and structural information for all the intermediate steps. The form finding outputs the 
‘final’ prestressed structure (e), containing the deformed geometry (f) and the prestress, in the membrane and 
bending elements (g). Since the form finding of bending-active structures generates the form not through a shape 
optimisation but through a form generation based on the realistic material behaviour and initial geometry of the 
components, the design and materialisation takes place in an iterative feedback loop between the input variables and 
the geometric and stress output (h). 
Fig. 4. Physical models allow experimental insight in the behaviour of deployable and bending-active structures, very intuitively. This allows 
testing the kinetic behaviour (left) and structural behaviour of the fully assembled structure (right).
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Fig. 5. The form finding from a flat input geometry to a curved, prestressed structure, starts from predefined material properties for both 
membrane and bending elements.  
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4.2. Modelling behaviour 
Contrary to conventional form finding of form-active structures, the form generation of bending-active structures 
does not result in a structurally optimised geometry. Therefore, feedback between the stress output and the 
geometric and material input is indispensible, also for the structural analysis. Since working with flexible materials, 
stiffness will be the governing factor in the design of most bending-active structures. This part briefly presents the 
results of a preliminary form finding and analysis of the deployable textile hybrid grid, to provide insight in its 
structural behaviour. In this case the stiffness and stability of the structure will also be the decisive factors as the 
restrained grid is prone to buckling. 
Apart from the ratio of the flexibility of the bending grid to that of the membrane, the scaling of the piece of 
fabric with respect to the cell size of the deployable grid will be the main controller of curvature and thus pre-strain 
in the fully deployed system. Since this form finding process includes the material properties and flat pattern of the 
membrane from the start, we can only define this scaling factor through multiple iterations. Figure 6 shows the stress 
distribution in the membrane and grid elements for grid bars of 4 cm thickness with a Young’s modulus of 10 GPa 
and a 0,8 mm thick high-strain fabric with elasticity of 9,5 MPa. The size ratio between the membrane pattern and 
the grid cell size is about 90%. The bracing elements have a slightly reduced thickness of 3,5 cm. The individual bar 
elements, from hinge to hinge, are 4 meters long and could potentially be split at the intermediate membrane 
connection. These input variables result in a quite well distributed membrane pretension from 0,25 to 3,37 MPa. 
Although there is a small drop in pretension at the intermediate connections, no wrinkles occur. This is not the case 
for ‘regular’ membranes with higher stiffness, for which a form found cutting pattern would be necessary. Thin edge 
cables around the perimeter of the membrane avoid large deformation at the connections and increase the stress and 
strain distribution over the entire surface. The bending stress in the grid amounts to 80 MPa, with peak values 
located in the top parts where the curvature is the highest. Shifting the position of the intermediate membrane 
connection points allows partially controlling the distribution of the curvature over the length of the bars, but also 
increases the grid’s sensitivity to buckling. Increasing the number of intermediate connections can increase the 
control and stability of the structure but comes with an increase in assembly time. A more detailed analysis, 
detailing of the joints and larger scale models will provide more insight in this. 
Fig. 6. After an iterative form finding process, this preliminary configuration shows an acceptable stress distribution in the membrane and 
gridshells. During the more detailed analysis of the structure and large-scale production, specific attention needs to be paid to the connections.
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As these first preliminary results do show the potential of the system, future research will entail a more in-depth 
analysis of its behaviour. The model and modelling approach presented in this paper allows immediately performing 
a structural analysis under external loading, but also contains structural information about the intermediate form 
finding steps. In this case, the model can thus be used to simulate the assembly and deployment process, validating a 
manual handling. Figure 7 shows the stress distribution in the grid and membrane under a divided surface load of 1 
kN/m2. While the stress remains within acceptable bounds, we do see an increase in the centre of the membrane, 
where large deformations occur. A more in-depth analysis on how to increase the stiffness of the structure will be 
necessary. 
Fig. 7. Under a divided surface load of 1 kN/m2 the stress in the structure remains acceptable, but large deformations occur in the centre of the 
membrane. Design for stiffness will be the governing factor in the further analysis and detailing of this structure.
5. Conclusions 
The case study presented in this paper illustrates how the implementation of active bending can lead to new 
concepts for transformable and deployable structures. Deployable textile hybrid structures use a step-by-step 
assembly and deployment process to transform from a compact bundle of components to a functional space 
enclosure. Combining the elastic bending capacity of the components with the deployment of a simple, planar 
scissor grid enables multiple deployment and assembly processes depending on the nature and timeframe of the 
user’s needs. Both this deployment and the performance of the fully assembled structure rely on the reciprocal 
relation of restraint and tensioning between the flexible bending members and the tensile membrane. The form 
finding approach that was presented in this paper shows how the final geometry and stress output can be controlled 
in a parametric design environment. The preliminary results show an acceptable and well-distributed prestress in the 
textile membrane, even when using a high-strain fabric without cutting pattern.  
One of the aims of implementing the intrinsic bending capacity of the flexible grid members in the deployment of 
transformable structures is to decrease the complexity of the fabrication process and joint details, compared to 
kinematic, rigid-body mechanisms. To validate these assumptions, the next research steps will focus on the detailing 
and materialisation of deployable textile hybrid structures. Finding a good equilibrium between the materialisation 
of the bending grid and the tensile membrane will be the prime focus, as supported by the preliminary findings in 
this paper. Moreover, the construction of a realistically scaled prototype or model will provide insight in the real 
assembly and deployment process, and the manual handling of the structure. 
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